CtBP1 and CtBP2 are closely related and evolutionarily conserved transcriptional corepressors. There is strong evidence linking CtBPs to tumorigenesis and tumor progression. CtBPs promote epithelial-mesenchymal transition and function as apoptosis antagonists. Also, CtBPs mediate repression of several tumor suppressor genes. Certain tumor suppressors also target CtBPs to restrain their tumorpromoting activity. Down-regulation of CtBPs mediated by some tumor suppressors results in p53-independent apoptosis and reduced tumor cell migration and invasion. The role of CtBPs in modulating the activities of different tumor suppressors is reviewed here. The results discussed here suggest that CtBPs may constitute a novel p53-independent anticancer target. [Cancer Res 2009;69(3):731-4] 
Background and Introduction
The CtBP family proteins are modulators of several essential cellular processes. Vertebrate genomes code for two related proteins, CtBP1 and CtBP2, whereas the invertebrate genomes code for a single protein. Vertebrate CtBP genes perform genetically related and unique functions during development. The major splice forms of CtBP1 and CtBP2 (collectively called CtBP here) function as transcriptional corepressors, whereas minor splice variants perform diverse cytosolic functions (1) . A role of CtBP in oncogenesis was first inferred from studies with the adenovirus E1A oncogene (2) (3) (4) . These studies identified the founding member of the CtBP family (CtBP1) and showed that E1A mutants in the CtBP-binding motif (PLDLS) enhanced transformation of primary rodent epithelial cells in cooperation with the activated Ras oncogene. Cells transformed by the mutant E1A and Ras were also highly tumorigenic and metastatic, suggesting that E1A-CtBP interaction restrains tumorigenesis by antagonizing the activity of CtBP. Studies by Frisch and colleagues (5, 6) showed that E1A expression in several cancer cell lines reverses the oncogenic properties as a result of ''epithelialization'' by activating expression of several epithelial genes and identified CtBP as an antagonist of the epithelial phenotype (7) . Mutant E1A defective in interaction with CtBP did not activate expression of epithelial cell adhesion molecules such as E-cadherin, desmoglein-2, and plakoglobin. This study further identified the CtBP-interacting E-box repressor Zeb (8) as the negative regulator of E-cadherin, suggesting that E1A might activate E-cadherin expression by relieving transcriptional repression by disrupting Zeb-CtBP interaction (7).
CtBP in Epithelial-Mesenchymal Transition
CtBP-mediated repression of adhesion molecules such as E-cadherin suggests that CtBP is important in promoting epithelial-to-mesenchymal transition (EMT), a step that contributes to the malignant property of tumor cells due to the loss of intercellular adhesion in tumors, acquisition of motile and invasive phenotypes, and resistance to apoptosis (9) . Zeb1 overexpression with concomitant E-cadherin repression has been reported in several human cancers. Studies with colon carcinomas revealed high levels of Zeb1 and CtBP were correlated with low levels of Ecadherin (10) . Transcription factors such as Twist, Snail, Slug, and Zeb2 (SIP1) also repress E-cadherin expression in various cellular contexts. Among these factors, the activity of Zeb2, such as Zeb1, is also dependent on CtBP (11) . The effect of Snail on E-cadherin may indirectly depend on CtBP via Zeb1. Overexpression of Snail increases expression of Zeb1 (12) .
CtBP-mediated transcriptional repression of E-cadherin seems to be regulated by the hypoxic environment seen in solid tumors with poor vascularization and high metabolic activity. A hypoxic condition that increases free NADH levels (13) has been shown to enhance recruitment of CtBP to the E-cadherin promoter and motility of tumor cells (14) . Cell motility was reduced by siRNAmediated depletion of CtBP, suggesting that the effect was independent of HIF-1a or other E-cadherin repressors.
CtBP as an Apoptosis Antagonist
Work on E1A also revealed a potential apoptosis antagonist activity of CtBP (7) . Tumor cell lines expressing E1A mutants defective in interaction with CtBP were less sensitive to ''anoikis'' (a form of apoptosis mediated by the loss of contact from the extracellular matrix). A comprehensive gene expression profiling study (15) using CtBP-null mouse embryo fibroblasts (MEF) and CtBP1-rescued MEF revealed corepression of several epithelial genes and proapoptotic genes such as PERP (p53-effector related to pmp-22), p21, Bax, and Noxa by CtBP. Additionally, PTEN, a phosphatase and a negative regulator of the survival kinase Akt was also identified as a CtBP repression target. Consistent with these results, the CtBP-null MEFs were found to be hypersensitive to anoikis and apoptotic stimuli such as FasL and UV. Thus, CtBP seems to contribute to EMT by repressing expression of epithelial cell adhesion molecules and proapoptotic genes. The role of CtBP in EMT may be particularly critical in cancers (e.g., breast, colon, and endometrial) that overexpress Zeb.
CtBP in Repression of Tumor Suppressors
As discussed above, CtBP plays a prominent role in repression of E-cadherin, which suppresses tumorigenesis by restricting tumor cell motility and invasion. CtBP may also play a role in repression of the PTEN tumor suppressor gene. It is well-established that the tumor suppressor activity of PTEN is linked to its control of cell migration through the PI3K/Akt pathway. In addition to the microarray data (15) , transient overexpression of CtBP2 was shown to reduce PTEN expression with a concomitant increase in phospho-Akt (16) . A role for Snail in repression of the PTEN promoter has been reported (17) . As pointed out earlier, the mammalian Snail may also function through Zeb1 and CtBP.
Recent results suggest that CtBP may modulate the expression and activities of the Ink4 family tumor suppressors. The Ink4 region codes for three different cell cycle inhibitors, p16Ink4a, Ink4a/Arf, and p15Ink4b. Although p16Ink4a and p15Ink4b function in the Rb pathway by inhibiting CDK4 and CDK6, Ink4a/Arf mediates its tumor suppressive function by stabilizing p53 and by p53-independent mechanisms. Rocco and colleagues (18) have reported that expression of E1A in primary human fibroblasts and keratinocytes resulted in a substantial increase in p16Ink4a expression. The effect of E1A on p16Ink4a expression was lost in cells that expressed a mutant of E1A lacking the CtBPbinding motif, suggesting that interaction of E1A with CtBP was responsible for this activity. The specific involvement of CtBP was ascertained by shRNA-mediated knockdown of CtBP1/2 and by determining the effect of CtBP overexpression on p16 promoter activity in reporter assays. Depletion of CtBP1/2 also resulted in reduction of an epigenetic histone mark associated with transcriptional repression (trimethylation of lysine-27 of H3, H3K27me3) of the p16 promoter, without significant change in the histone mark associated with transcriptional activation (H3K4me3). A hypoxic experimental condition was also shown to enhance the occupancy of CtBP at the p16 promoter with a corresponding decrease in mRNA levels.
In addition to the involvement of CtBP in repression of p16Ink4a, CtBP may also be important in regulating p15Ink4b expression. A dramatic increase in expression of p15Ink4b has been reported in Zeb1 null MEF, linking Zeb1 to p15Ink4b repression (19) . Considering the dependence of Zeb1 on CtBP in transcriptional repression, it has been suggested that transforming growth factor h, an activator of p15Ink4b expression via activated SMAD, may mediate its effect by forming an activation complex consisting of Zeb1-SMAD-p300 and acetylation of the CtBP-binding domain resulting in displacement of CtBP (11, 19) . CtBP may play a role in repression of the p15Ink4b gene through other transcriptional repressors as well. A recent genome wide expression profiling study identified p15Ink4b as the target gene for the oncoprotein Znf217 (20) . It is well established that Znf217 forms a repression complex with corepressors CoREST and CtBP (21) . Although the precise role of CtBP in Znf217-mediated repression of the p15Ink4b promoter remains to be investigated, it is possible that CtBP may contribute to the overall repressive function of Znf217.
CtBP as a Target for Tumor Suppressors
Although CtBP represses expression of several tumor suppressors, others in the tumor suppressor clan take their revenge by targeting CtBP for destruction. The homeodomain interacting protein kinase 2 (HIPK2) is a tumor suppressor that functions primarily by phosphorylation and stabilization of p53. A p53-independent mechanism of action of HIPK2 may include phosphorylation and proteasomal degradation of CtBP. In cells exposed to UV, CtBP was shown to be phosphorylated by HIPK2 (at Ser-422 of CtBP1; ref. 22 ) or c-Jun-NH 2 -kinase (JNK)1 (23) resulting in proteasome-mediated clearance of CtBP and apoptosis. Apoptosis induced by HIPK2 and JNK1 through degradation of CtBP seems to be independent of p53 because siRNA-mediated depletion of CtBP in p53-null tumor cells resulted in apoptosis. Interestingly, a sustained activation of JNK1 by treatment with the common chemotherapeutic drug cisplatin resulted in degradation of CtBP and apoptosis of H1299 tumor cells that lack p53. Because cisplatin treatment also activates HIPK2 (24) , it is possible that HIPK2 may also contribute to cisplatin-induced apoptosis in a p53-independent manner. These results suggest that CtBP may be an attractive target for chemotherapy in human cancers that lack functional p53.
Recent work from the laboratories of Grossman and Lewis (16, 25, 26) indicate that CtBP is a direct target for the Ink4a/Arf tumor suppressor. Attempts to elucidate the p53-independent mode of action of Arf identified CtBP2 as an Arf-interacting protein in yeast two hybrid screenings (25) . Further studies confirmed interaction of both CtBP2 and CtBP1 with mArf and hArf via a conserved domain. They showed that exogenous introduction of Arf in human colon cancer cells lacking both p53 and Arf inhibited cell migration under hypoxic conditions via down-regulation of CtBP2 (16) . These studies also linked the effect of Arf overexpression and down-regulation of CtBP2 with the regulation of cell migration by the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. Overexpression of CtBP2 in tumor cells resulted in reduction of PTEN levels accompanied by an increase in the levels of PI3K and pAkt under hypoxia. A similar effect was not observed with a CtBP2 mutant in the NAD(H) binding motif, suggesting that the effect of CtBP2 on PTEN expression and activation of PI3K and Akt was a result of increase in the ratio of NADH/NAD in cells exposed to hypoxia.
Ectopic expression of p19Arf in mouse hepatocellular carcinoma cell lines lacking p53 and p19Arf was also shown to inhibit the invasive potential of the tumor cells, without significant alterations in cell proliferation, anchorage-independent growth, and expression of EMT markers, including E-cadherin (26) . The effect of p19Arf was linked to CtBP using Arf mutants defective in interaction with CtBP and knockdown of CtBP1/2. These results suggest that CtBP may control tumor cell migration and invasion by EMT-independent mechanisms in these cells. Some of these activities may be linked to the activation of PTEN expression as a result of Arf-CtBP interaction. The possibilities such as cytoskeletal remodeling during cell migration and invasion influenced by ArfCtBP interaction remains to be elucidated. Also, the issue of how Arf down-regulates the activity of CtBP needs to be addressed. The nucleolar localization of CtBP mediated by Arf in transfected cells (25) could at least partially contribute to the loss of CtBP transcriptional repression activity. The interesting results obtained from these in vitro studies emphasize the need to carry out a detailed analysis of CtBP status along with Arf and PTEN in human cancers.
Three different groups have discovered a strong interaction between CtBP and another tumor suppressor, adenomatous polyposis coli (APC; refs. [27] [28] [29] . One of these reports (29) provided compelling evidence that APC may function as a platform for proteasome-dependent degradation of CtBP1, in addition to regulating the stability of h-catenin. This view was supported by the observation that adenomas from patients with familial adenomatous polyposis contained high levels of CtBP1 compared with matched healthy samples. Furthermore, reintroduction of APC in colon carcinoma cell lines also resulted in degradation of CtBP1. These results received strong support from a zebrafish model harboring a mutant form of APC and expressing high levels of CtBP1 (whereas CtBP1 mRNA level remained unchanged). These results are consistent with a model in which APC targets both h-catenin and CtBP1 simultaneously to inhibit expression of Wnt target genes and relieve repression of CtBP-target genes (e.g., retinol dehydrogenase) that are involved in intestinal cell differentiation. It is known that HIPK2 is also a negative regulator of Wnt signaling via repression of the transcriptional activity of hcatenin (30) . This activity of HIPK2 has been linked to interaction with CtBP. Based on the results discussed above, it would be interesting to determine whether the HIPK2-CtBP complex also contains APC and h-catenin. Thus, it seems that APC may exert one of its tumor suppressive effects via CtBP, in addition to its wellknown role in inhibiting the canonical Wnt-signaling pathway.
Concluding Remarks
The results reviewed above suggest a strong role for CtBP as a negative regulator of important tumor suppressors such as E-cadherin, p16Ink4a, p15Ink4b, and PTEN. Furthermore, tumor suppressors such as HIPK2, Ink4a/Arf, and APC target CtBP for down-regulation to induce apoptosis. These attributes suggest that CtBP plays a critical positive role in tumorigenic conversion of normal cells and in tumor progression (Fig. 1) . The availability of knockout mouse models for CtBP1 and CtBP2 offers an excellent opportunity to investigate the relationship among different tumor suppressors and CtBP in oncogenesis in the mouse model. Because CtBP depletion induces apoptosis in p53-null tumor cells, CtBP may constitute an important new target for anticancer therapies. The notion may have a more general appeal considering that CtBP may contribute to the activities of oncogenes such as Evi (31), Hdm2 (32) , and Znf217 (33) and that CtBP1 may contribute multiple drug resistance through activation of the MDR1 gene (34) . Because the structures of CtBP1 and CtBP2 and the mode of interaction of critical CtBP cofactors have been elucidated, it may be possible to formulate structure-based anti-CtBP strategies. Although some recent genomic studies have identified CtBP as a biomarker in prostate (35) and colon cancers (10), more large-scale studies with multiple human cancers are warranted considering the exciting results obtained from cell culture studies.
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No potential conflicts of interest were disclosed. Figure 1 . Role of CtBP in tumorigenesis and tumor progression. The transcriptional corepressor activity of CtBP is depicted to be stimulated under hypoxic tumor environment as a result of elevated NADH levels and CtBP dimerization. CtBP is shown to enhance cell proliferation via transcriptional repression of cell cycle inhibitors p16Ink4a and possibly p15Ink4b. The transcriptional repression activity of CtBP is shown to repress E-cadherin and possibly PTEN to promote EMT, tumor cell migration, and invasion. As a result of repression of the proapoptotic genes (PERP, Bax , and Noxa ), CtBP is shown to promote cell survival. These activities of CtBP are depicted to be down-regulated by physical association with tumor suppressors HIPK2 or Ink4a/Arf or APC, which promote CtBP degradation as a result of phosphorylation and ubiquitination.
